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PROGRESS REPORT NO, 8
BEARING LUBRICANT ENDURANCE CHARACTERISTICS
AT HIGH SPEEDS AND HIGH TEMPERATURES

INTRODUCTION

This is the eighth quarterly Progress Report of research
performed under Contract NASw-492, "A Study of Bearing Lubricant
Endurance Characteristics at High Speeds and High Temperatures™",

In Phase I of the program the limiting load, speed, and
temperature characteristics of high-temperature tool-steel bearings
lubricated with the most advanced present day high-temperature
lubricating fluids in a nitrogen-blanketed system are being evaluated
in the ®E8 F Industries® high-speed high-temperature bearing test
machine, Phase II of the program which will commence shortly is to
be conducted with multiple bearing groups at the selected test condi-
tions to establish the design life and reliability parameters for
bearing-lubricant systems at high speeds and temperatures,

SUMMARY %5650

s

Four high-temperature lubricants, viz.; two hydrocarbons, /////—
Socony XRM 109F and Kendex Bright Stock 0846; an ester base oil,
Esso Turbo 35 and a modified five-ring polyphenyl ether, PWA 524
were used to lubricate twenty consumable electrode vacuum melted
(CVM) WB49 tool steel 7205 angular contact ball bearings at speeds
up to 40,000 rpm, 365 1lbs, thrust load and mean temperatures up to
642°F, Several cage designs manufactuted from two of the most wear
resistant materials, M-1 (Rc 35) steel and S-Monel (Rc 33), were
utilized in bearings tested during this report period to aid in
optimizing the cages which will be used in Phase II endurance tests.

A materials screening program closely related to the high
speed high-temperature bearing program has continued in which potential
cage materials are being evaluated for wear resistance when lubricated
with candidate high-temperature oils in a modified flat-washer tester.
A corrosion resistant stainless steel hardened to Re 52 or Rc 57 has
been tested with Es®o FN-3157 at 500°F and Monsanto- 0S-124 at T700°F
as the lubricants. Two of the best wear resistant materials to date,
M-1 (Bc 60) steel and S-Monel (Rc 33), were also tested at TOO°F
using a new experimental fluid, DuPont MLO 64-9,

A review of the progress of the entire research program was
made at a meeting with the sponsor and the remainder of the program
was redirected,

Lt
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CONCLUSIONS

1. CVM M-1 steel balls improved the performance of CVM WB49
steel bearings lubricated with Socony XRM 109F compared to the same
bearings run with CVM WB49 steel balls, by reducing the number of
ball flakings.

2. Increasing the test speed from 20,000 rpm to 40,000 rpm
increases the temperature capabilities of the bearings and lubri-
cants, but not to the extent expected on the basis of the theoretical
increase in lubricant film thickness in the bearings indicating that
thicker films are required for operation without surface distress at
higher speed,

3. Based on test results to date, Socony XRM 109F and Esso
Turbo 35 are selected as the hydrocarbon and ester-base 0il candidates,
respectively for Phase II endurance tests, Their respective limiting
temperatures in the present test rigs at 35,000-40,000 rpm and 365 1lbs,
load are 600°F and 500°F, A modified polyphenyl ether tested at the
same speed and load, PWA 524%*, exhibited a limiting temperature of 500°F

- similar to the unmodified o0il, Monsanto 0S-124. PWA 524 o0il is selected

for Phase II testing since it appears to have an improved resistance to
sludging similar to the less convenient metallic-copper inhibited 0S-124,

4. M-1 (Rc 60) steel and S-Monel (Rc 33) are the choice cage
materials based on the wear resistance results obtained from tests in
the high-speed high-temperature bearing test machine and in the modified
flat-washer tester, Corrosion resistant stainless steel, 440 CM, did
not wear as well as either of these two materials,

S. DuPont MLO 64-9 fluid produced less wear than Monsanto 05S-124
(the only lubricant previously found capable of TO0°F operation in cage
tests) on an M-1 (Rc 60) steel cage specimen in modified flat-washer
tests conducted at TOO0°F, whereas S-Monel (Rc 33) cages wore nine times
faster in MLO 64-9 than in 0S-124 at 700°F, (The combination of S-Monel
(Rc 33) and 0S-124 is the most wear resistant to date at 700°F.,) On
this basis it appears possible and promising to run full-scale bearing
tests using tool steel bearings and cages with the DuPont MLO 64-9 lub-
ricant, which should perform successfully at very high temperatures based
on the viscosity.

#* This fluid was made available by courtesy of Pratt and Whitney Aircraft
Division of United Aircraft Corporation, East Hartford, Connecticut,

—2_
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DETAILS

1, Redirection of Remaining Effort

In a meeting held on the 12th of August, representatives of
the sponsor and of B8  Industries' agreed on a redirection of the
remainder of this program, The details of this agreement, constitu-
ting the plan for future work, are given in the letter reproduced in
the Appendix.

2., Continued Phase I Testing with Polyphenyl Ether,
Hydrocarbon and Ester Base Lubricants

Tests during this report period were conducted on bearings
consisting of consumable electrode vacuum melted (CVM) WB49 steel
rings assembled with inner ring riding cages manufactured from either
age hardened (Rc 33) S-Monel (Enclosures 1 and 2) or hardened (Rc¢ 535)
M-1 steel (Enclosure 3) and CVM M-1 steel balls at speeds up to 40,000
rpm, temperatures up to 642°F and under 365 1bs, thrust load. (AFBMA

- computed L;, 1ife = 480 x 106 revs. or 200 hours at 40,000 rpm)

Summaries of test results and bearing dimensions before
testing are given in Enclosures 4 and 5, respectively. The lubricaats
used in the tests reported herein were; two mineral oils, Socony XRM
109F and Kendex Bright Stock 0846, a high viscosity ester base oil,
Esso Turbo 35, and a modified five ring polyphenyl ether, PWA 524,

The temperature-viscosity characteristics of these and other candidate
lubricants previously considered are shown in Enclosure 6.

In keeping with the findings reported in (1), the bearing
temperaturesin all the tests (except run #47) were maintained low
enough to provide a lubricant viscosity of 1.0 cs,.,, the viscosity
below which surface distress due to marginal lubrication was found
to arise at 20,000 rpm. Whenever available, the test bearings had
an unmounted radial looseness of 40-50 microns which was found in (2)
to be the most desirable, The average radial cage play of all bearings
tested was between ,0020" to ,0031", :

-3-
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Test Results

It is recalled that earlier tests (runs #39 and #40 reported
in (3)) conducted with Socony Mobil XRM 109F resulted in fatigue
failures and surface distressed bearings presumably related to the
poor endurance characteristics of the WB49 balls which had flaked
in these tests, A repeat test (run #42) was conducted in which CVM
M-l steel balls ad S-Monel cages (Enclosure 1) were assembled with
WB49 rings, CVM M-~1 steel balls have shown good endurance life in
many tests and were expected to give a truer indication of lubricant
performance, After 90 hours (108 x 106 revs.) at 20,000 rpm and mean
temperatures up to 532°F (extrapolated oil viscosity = 2,85 ¢s.) both
bearings were removed and found to be in good condition., No ball
flaking had occurred, Some fragment denting was noted to have occurred
on the load end bearing inner race, The bore wear of both cages was
less than 1,1 mils, which is considered very slight (Enclosure 7 and 8),

An ester-~-base o0il, Esso Turbo 35, with higher viscosity than
the 1Mil-L-7808 esters was used to lubricate bearings with WB49 rings
asserntbled with S-Monel cages (Enclosure 1) and CVM M-1 balls in test
run ¥43 at mean temperatures up to 504°F (o0il viscosity = 1,34 c¢s,)
and 20,000 rpm. After 25,9 hours (31.1 x 106 revs.) the test was
terminated, The load end bearing was slightly glazed and fragment
dented while the drive end bearing was in good condition, Seven of
twelve balls in the former bearing were also fragment dented, The
cage bore wear in both bearings was again very slight (less than 0,2
mils) (Enclosure 9 and 10),

In the first attempt to run at speeds greater than 20,000 rpm,
the relatively viscous hydrocarbon Kendex Bright Stock 0846, was
selected as the lubricant, Test run #44 was conducted at 40,000 rpm
and mean temperatures up to 604°F (extrapolated o0il viscosity = 1,39 cs).
After 7.5 hours (18.0 x 106 revs.) the test was stopped, The load end
bearing had glazed and smeared. Two of the cage pockets within this
bearing were broken and the bore wear of the S-Monel cage (Enclosure 1)
was 5.2 mils, Eight balls were glazed and smeared reducing their
diameters considerably (Enclosure 11), In the drive end bearing, the
rings were in good condition, but two of its balls had flaked, 1ts
cage bore wear was 0,1 mils (Enclosure 12),

"
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Difficulties encountered in passing through critical shaft
speeds with the high-speed gear box used in these tests necessitated
limiting the speed in test run #45 to 20,000 rpm, Kendex Bright Stock
0846 was used to lubricate the bearings (WB49 rings, M-1 balls) which
were assembled wi th S-Monel cages (Enclosure 1) at mean temperatures
up to 603°F (extrapolated oil viscosity = 1,40 c¢cs), The test was
terminated after 93,5 hours (108 x 109 revs.). Both bearings were in
slightly glazed condition with four of the balls of the load end
bearing efther flaked or fragment dented, The cage bore wear in both
bearings was minimal (0,0 and 0,3 mils), (Enclosures 13 and 14,)

Black oxide coated WB49 inner and outer races assembled with
S-Monel cages (Enclosure 1) and CVM M-l steel Lalls were run with
Socony XRM 109F as the lubricant in test run #46, Completion of an
improved coupling design and of modifications to the gear box enabled
the bearings to be tested at 35,000 rpm and mean temperatures up to
609°F (extrapolated oil viscosity = 2,15 ¢s), After rumning for 15,6
hours, the tester was shut down by excessive vibration, The bearings
appeared to be in good condition except that some wear had occurred
on the cage bores (0,3 and 0.6 mils on the load end bearing and drive
end bearing, respectively), Since this was a high-speed test, new
cages were installed in the test bearingsat that time for continued

" running, The test lasted a total of 28,5 hours (52.3 x 100 revs,).

Examination of the bearings indicated that the drive end bearing was
slightly glazed while the load end bearing had glazed and flaked near
the groove edge of both races and its balls were either flaked or
fragment dented, It was noted during disassembly of the test machine
that the filter screens in each 0il sump were not fully secured amnd
provided an opening through which wear debris could enter the oil stream
to the bearing., This no doubt had a severe effect on the final surface
appearance of the bearings, The cage bore wear in the second set of
cages was 0,3 and 1.0 mils for the drive and load end bearings,
respectively (Enclosure 15 and 16),

A modified five-ring polyphenyl ether, PWA 524, designed to
have improved resistance to sludging, which has viscosity characteristics
similar to the Monsanto 05-124 five-ring polyphenyl ether previously
tested was used in test run #47, The bearings were assembled with
bore recessed S-Monel cages (Enclosure 2) and run at 35,000 rpm and
mean temperatures up to 640°F (o0il viscosity = 0,76 ¢s), The load
end bearing glazed and flaked near the groove edge of both races within
2.4 hours (5.0 x 106 revs.). All its balls had also flaked and four of
its cage pockets had cracked, The drive end bearing was slightly glazed
and fragment dented, The cage bore wear of the load end bearing was
0.8 mils,that of the drive end bearing was 0,1 mils, respectively,
(Enclosures 17 and 18.,) A black carbon residue was found on the sump
filter screens which was similar to that found after tests with copper
inhibited Monsanto 05-124,

-5-
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In the remaining tests reported herein, viz. runs #48, 49,
50 and 51 hardened (Rc 55) M-1 steel cages (Enclosure 3) with bore
recesses were assembled in the test bearings.

A repeat test was conducted with PWA 524 polyphenyl ether in
run #48 at a higher speed, 40,000 rpm, and lower mean temperature,
535°F max, (oil viscosity = 1,07 c¢s.). Within 2,1 hours (3.3 x 106
revs,), the test was terminated and both bearings were found to be
glazed and flaked, Their balls were fragment dented and their cage
bores had worn 3.2 and 2,0 mils in the drive end bearing and the load
end bearing, respectively, (Enclosure 19 and 20),

In an effort to extend the temperature capabilities of Socony
XRM 109F, test run #49 was conducted at 40,000 rpm (previous tests
with Socony XRM 109F were run at speeds no higher than 35,000 rpm),
Mean bearing temperatures were up to 642°F (extrapolated oil viscosity =
1,95 ¢s). As shown in Enclosures 21 and 22, the load end bearing was
superficially pitted and the drive end bearing was slightly glazed when
the test stopped after 12,3 hours (21,6 x 100 revs.). Two sets of cages
were used.  during the test when it was discovered after 64 hours that 21,8
'mils bore wear was taking place at least on the load end bearing.

In test run #50, the bearings were lubricated with Kendex
Bright Stock 0846 and run at 40,000 rpm and mean temperatures up to
606°F (extrapolated oil viscosity = 1.38 c¢s). The bearings were
removed after 7.0 hours (10.9 x 109 revs.). The drive end bearing
had glazed and all its balls had flaked and smeared. The cage bore
wear was 6.4 mils, (Enclosure 23). The load end bearing rings were
in good condition, but its balls were fragment dented. A cage bore
wear of 1,0 mils had taken place. (Enclosure 24),

Esso Turbo 35 0il was used in run #3531 and the bearings were
tested at 40,000 rpm and mean temperatures up to 568°F (extrapolated
0il viscosity = 1,1 ¢s), Examination of the bearings after 17.0 hrs,
(40.8 x 106 revs.) revealed that the load end bearing had glazed and
flaked and the drive end bearing was in good condition, The cage bore
wear was 4.0 and 0,5 mils, in the load end bearing and the drive end
bearing, respectively. (Enclosures 25 and 26).

-6~
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Discussion of Bearing Test Results

CVN M-] steel balls used in CVM WB49 steel bearings have shown
by the results obtained in test run ¥42 to improve the performance of
these bearings with Socony XEM 109F lubricant over that obtained when
WB49 steel balls were used (runs #39 and #40 in (3)), Some improvement
in the temperature capabilities of Socony XRM 109F has been observed by
increasing the test speed from 20,000 rpm (run #42) to above 35,000 rpm
(runs #46 and #49), The limiting temperature of this lubricant for
glazing-free operation at present appears to be approximately 600°F
at 40,000 rpm; whereas, in earlier tests the limiting temperature was
540°F at 20,000 rpm, The other leading hydrocarbon oil candidate,
Kendex Bright Stock 0846 also shos some signs of improving its temperature
capabilities by increasing the test speed up to 40,000 rpm as evidenced
by comparing the results obtained from runs #41 in (3) and #45 with
those produced in runs %44 and #50, Based on these results this
lubricant's limiting temperature is approximately 580°F at 40,000 rpm,
compared to 3540°F at 20,000 rpm, Neither lubricant operated at as
high temperature at 40,000 rpm as expected on the basis of the increased
elastohydrodynamic film thickness due to the increase in speed., (For a
2 :1 speed increase, the bearing should operate at the same film condition
with half the viscosity, or above 700°F instead of 540°F with either
Socony XRM 109F or Kendex Bright Stock 0846,) These results indicate
that a greater film thickness is required for glazing-free operation
at higher speed, presumably due to the higher rate of heat generation
at asperity contacts,

Runs #44 and #3530 conducted with Kendex Bright Stock 0846 at 40,000
rpm did not run for as many revolutions as did the 40,000 rpm runs #46
and #49 in which Socony XRM 109F was the lubricant. Also the Socony XRM
109F o0il is known to contain additives specially developed for high-
temperature use, whereas the Kendex Bright Stock 0846 does not, therefore
presumably has better life expectancy in a high-temperature recirculating
system,

For these reasons, Socony XRM 109F is selected as the hydro-

carbon o0il candidate for multiple bearing group endurance tests in
Phase II of this program,

-T=
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In reviewing the most promising ester-base o0il candidates,
Esso Turbo 35 appears to be the logical choice for Phase II testing,
since its limiting temperature as found from runs #43 and #5351 is
approximately 500°F, (at 20,000 rpm). The nearest rival is Socony
RM-139 which permits bearings to operate at 20,000 rpm without surface
distress at no higher than 450°F (runs #33 and #36 in (2), and 37 and
38 in (3). It is reasonable to asume that the superiority of Esso
Turbo 35 will carry over into higher-speed tests, Its limiting tempera-
tures at 40,000 rpm has not been precisely established, but is between
500°F and 550°F,

As shown in runs #47 and #48, the modified five-ring polyphenyl
ether, PWA 524 seemed to exhibit temperature capabilities and coking
tendencies similar to copper-inhibited Monsanto 05-124, tested previously
(1), Both lubricants seem to have a limiting temperature of approximately
500°F at 40,000 rpm. Since previous cage compatibility tests showed
some reduction in the coking tendencies of 05-124 when metallic copper
was used as an inhibitor in the system (1,5)* and the present bearing
tests show similar coking tendencies for the PWA 524 and the copper-
inhibited 0S-124, the more convenient form of the inhibitor in PWA 524
makes this oil preferable for Phase II testing.,

The evaluation of black oxide coating of the test bearings in
one test (run #46) was inconclusive due to inadvertent circulation of
wear debris in the oil system, However, the general experience in the
S LS F Laboratory on the effectiveness of this treatment in reducing
lubrication distress in bearings makes it desirable to specify black
oxide treatment for the rings of all Phase II test bearings.

It has been observed in tests conducted at speeds greater than
35,000 rpm that only 5 to 10% of the heater capacity in the tester is
required to maintain the test bearings at the desired temperature of
the order of 600°F, 1In order to avoid a runaway temperature condition,
tests are planned in which the internal clearance between the screw
pumps on the test shaft and the pump liner as well as radial cage
clearance in the bearings will be increased, Should this remedy the
situation, the test machines and bearing cages will be modified
accordingly., Otherwise an external means of cooling will be investigated,

* Although not stated specifically in (1) and (5), no metallic copper
inhibitor was used for the TOO°F test with Monsanto 0S-124 in (5),

which showed extensive coking and cage specimen wear, whereas copper
plates in the oil were used in all subsequent tests at TOO°F with 05-124
to act as an inhibitor, and a repeat test in (1), under the same con-
ditions with the same cage specimen material showed less coking and wear
than ia (5),

-8-
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Operation of the bearing test machine at speeds greater than
20,000 rpm with new high-speed gear boxes has presented a number of
problems which must be overcome for continuous reliable operation at
these speeds. Many of these problems uncovered on check-out runs
were overcome by minor modifications of the new gear box and drive
systems, The one difficulty of some importance is that the gear box
and drive operate above the test critical shaft speed, Work is in
progress to identify these criticals accurately and to select test
speeas and start-up accelerations that prevent operation,without in-
curring damage to the drive quill.or the gear box. Check-out tests
during which vibration measurements were taken indicated eriticals
st approximately 26,000 rpm, 38,000 rpm, and above 47,000, A redesign
of the drive quill and modifications to the gear box shaft has now
enabled satisfactory operation between criticals at a speed of approximate~
ly 45,000 rpm, It is planned that Phase II endurance tests will be
conducted at this speed,

Lubrication of Cage Bore Guide Surfaces

Twenty-four cages manufactured from S-Monel (Rc 33) or M-1

-(Rc 55) steel, were tested in twenty bearings during this report period

in order to select the most desirable cage material, heat treatment and
design for Phase II endurance tests, All of the cages tested were of
wide land inner ring riding design and measured between ,0020" to ,0031"
in radial cage play, Of the fourteen cages manufactured from S-Monel
(Rc 33), twelve were machined to the dimensions shown in Enclosure 1

and two contained a bore recess as shown in Enclosure 2, No significant
difference in wear was observed between the two cage designs and the
amount of wear in both was acceptable, Broken cage pockets were ex-
perienced in one cage of each design (run #44, bearing #576 and run #47,
bearing %¥565) presumably caused by flaking of the balls in the bearings.

The remaining ten cages were manufactured from M-1 (Rc 55) steel
and contained a bore recess as shown in Enclosure 3. Considerably more
wear was experienced with these cages than those manufactured from
S-Monel (Rc 33) or M-1 (Rc 65) which had been tested earlier (1), Direct
comparison of cage performance is difficult-because the M-1 (R¢ 55)
cages ran longer than the S-Monel (RBRc 33) cages, and they ran at higher
speeds than the M-1 (Rc 65) cages, Rings and balls in the bearings
tested with any of the cages discussed showed a wide range of surface
damage after test, with the most severe cases found with each type of
cage being closely comparable, On this basis, the severity of operating
conditions for all these cage varieties could be considered comparable
and it may be concluded that wear performance of the M-1 (Rc 55) cages
was inferior,

-9-
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From results obtained thus far, cages manufactured from either
M-1 (Rc 57-60) steel or S-Monel (Rc 33) will be utilized in bearings
for endurance tests, with preference given to the S-Monel cages, except
with special lubricants that are shown to corrogsively attack S-Monel
(for example, the DuPont MLO 64-9 fluid discussed in the next section)

3. Flat Washer Cage Material

Using the modified flat washer tester and the cage configuration
described in (4) tests have been conducted during this report period on
a corrosion resistant stainless steel, 440 CM of two different hardnesses,
RC 52 and 8¢ 57, both lubricated with Esso FN-3157 and Monsanto 0S-124
at 500°F and 700°F, respectively. Tests have i1lso been run at 700°F
with cage specimens manufactured from the two naterials, M-1 (Rc 60)
steel and S-Monel (Rc 33) (previously found particularly wear resistant)
using a highly viscous lubricant, DuPont MLO 64-9, which is reported
to corrosively attack most steels, The selection of this lubricant
as a high-temperature candidate was made on the basis of promising
results obtained in tests conducted at NASA Lewis Research Center,

Evaluation of the material-lubricant combination in these tests
is based on measurements of average wear scar size performed at-1/2
hour intervals during the test. A description of this method is given
in (3).

Test Results

Wear scar medasurements produced after the iritial hald hour
of testing and at the termination of each test are tabulated in
Enclosure 27, Curves of the wear scar area growtlh for the 440 CM
cage specimens of both hardenesses, R¢ 32 and Rc 37, lubricated with
Esso FN-3157 and Monsento 0S-124 at 500°F and 700°F respectively are
shown in Enclosure 28 and 29, together with results found on other
materials which were tested earlier., The pe:formance of the M-1 steel
(Rc 60) and the S=Monel (Rc 33) cage specimens when lubricated with
DuPant MLO 64-9 at TOO°F is given in Enclosure 30 and compared with
their performance when lubricated with Monsanto 0S-124 polyphenyl
ether at the same temperature in Enclosure 29,

-10-
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Discussion of Cage Material Screening Results

From Enclosures 28 and 29, it appears that the 440 CM
(Rc 52) cage specimen wears more when lubricated with Monsanto 05-124
at T00°F than with Esso FN-3157 at S500°F, With Esso FN-3157 as the
lubricant, the 440 CM (R¢ 52) cage specimen's wear scar area after
the first half hour of running and its wear scar growth during sub-
sequent running was less than that produced with the 440 CM (Rc 57)
cage specimens using the same lubricant; whereas, the reverse is
true when both specimens were lubricated with Monsanto 0S-124 at
700°F, It is interesting to note that the wear of the 440 CM (Rc 57)
cage specimens was approximately the same whether they were lubricated
with Esso FN-3157 at 500°F or Monsanto 05S-124 at 700°F, 1In any event
the 440 CM material hardened to either RC 52 or Rc 57 does not wear
as well as M-1 (Rc 60) steel or S-Monel (Rc 33) when lubricated with
either Esso FN-3157 at 500°F or Monsanto 0S-124 at 700°F, Therefore,
the 440 CM test bearings for Phase II testing will be fitted with
either M-1 or S-Monel cages,

It can be seen from Enclosure 30 that the M-1 (Rc 60) steel
is much more wear resistant than the S-Monel (Rc 33) material when
both are run in DuPont MLO 64-9 at 700°F, Examination of the cage
specimens after test indicated that the S-Monel (Rc 33) cage specimen
had dark wear scars; whereas, the scars in the M-1 (Rc 60) cage
specimen were clean and exposed bare metal, The superior performance
of the first M-1 (Rc 60) steel specimen was open to question since
this specimen had a black coating of lubricant residue and/or oxide
on all surfaces as a result of an earlier test with another lubricant,
and it could be argued that this disposit resisted corrosive attack
by the DuPont fluid. Therefore, a second test was run with the
MLO 64-9 filuid using a cleaned M-} (Rc 60) cage specimen, The wear
scars obtained in this test were of similar size to those of the
first specimen and represent accordingly the true wear resistance of
this material lubricant combination, It follows that M-1 is a suit-
able material to operate with DuPont MLO 64-9 fluid; whereas, S-Monel
is not, The M-1 (Rc 60) steel-NLO 64-9 fluid combination produces
less cage wear at 700°F than the same steel with 0S-124 polyphenyl
ether, but more than S-Monel (Rc 33) with 0S-124 fluid,
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APPENDIX

MOTION ENGINEERING

SIGF INDUSTRIES, INC.

ENGINEERING AND RESEARCH CENTER BALL AND ROLLER BEARINGS
September 2, 1964

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland 35, Ohio

Attention: Mr, William J. Anderson

Reference: Redirection of Contract No, NASw-492, "A Basic
Study of Bearing-Lubricant Endurance Character-
istics at High Speed and Temperatures”

Gentlemen:

As a result of our meeting in Cleveland on August 12
concerning the best ways to conduct the remaining portions of the
subject contract, it was agreed to re-direct the program in order
to obtain the most useful information in the area of high-temperature
lubrication of rolling bearings based on the results of our studies
to date, Our progress towards the original objectives and the efforts
to which we agreed to devote the remainder of our current program are
reviewed as follows:

As originally conceived, according to our Proposal AL62T007
dated April 10, 1962, and our letter of September 14, 1962 confirming
certain modifications to this proposal, the subject research program
encompassed the following investigations:

1) Phase I screening of candidate lubricants and bearing
materials for maximum temperature, load and speed capability,
originally anticipated to utilize 30 to 60 bearings.

2) Determination of the start and stop capabilities of high
temperature lubricants selected from the results of Phase I testing,
It was intended that these tests would receive only a minor effort
sufficient to make qualitative judgments regarding the ability of the
selected fluids to start under general ambient temperature conditions,
utilizing available test rigs such as the Shell 4-ball wear tester.

-13-
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3) Phase II endurance testing of 30-bearing groups under
conditions selected from the results of Phase I testing (at test
speeds in excess of 20,000 rpm) to establish reliability and
design parameters for high-speed high-temperature bearing operation,
It was intended that at least eleven groups of 30 bearings each
would be tested in Phase II: under the following conditions:

a) M-1 bearings at high temperature with the most
promising polyphenyl ether lubricant from Phase I.

b) M-1 bearings at high temperature with the most
promising highly refined mineral oil from Phase I,

c) M-1 bearings at high temperature with the most
promising ester-base o0il from Phase I.

d) M-1 bearings at ambient temperature with ® reference
mineral oil.

e) M-1 bearings at high temperature with either
polyphepyl ether, highly refined mineral oil or
ester-base 0il (whichever gives the most favorable
operating temperature and life performance) at a
lower load calculated to give about 3 times the 1life
as above, :

f) WB49 bearings at high temperature with either
polyphenyl ether, highly refined mineral oil or
ester-base lubricant giving the most favorable
operating temperature and life,

g) WB49 bearings at ambient temperature with a reference
mineral oil,.

h) WB49 bearings at high temperature with either
polyphenyl ether, high refined mineral oil or
ester-base lubricant giving the most favorable
operating temperature and life, but at a8 lower load
calculated to give about 3 times the life as above,

i) WADC 65 or equivalent stainless steel bearings at high
temperature with either polyphenyl ether, highly re-

fined mineral o0il or ester-base lubricant giving the
most favorable operating temperature and life,

-14-
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j) WADC 65 or equivalent stainless steel bearings at
ambient temperature with reference mineral oil,

k) WADC 65 or equivalent stainless steel bearings at
high temperature with either polyphenyl ether,
highly refined mineral o0il or ester-base lubricant
giving the most favorable operating temperature and
life, but at a lower load calculated to give about
3 times the life as above.

To date, we have tested over 100 bearings in Phase I screen-
ing of 11 candidate high temperature lubricants, This additional test-
ing over that originally anticipated has been required for the
following reasons:

1) A failure mode of high temperature high speed bearings has
been established which indicates the importance of sufficient lubricant
viscosity at operating temperature and has thus made it desirable to
obtain and test candidate lubricants having the highest possible
viscosity at high temperature, Special lubricants having higher
viscosity than those conforming to specification Mil-L-9236 and
those normally referred to as highly refined mineral oils originally
intended for Phase I screening have thus been tested,

2) Engineering criteria have been developed for the design of
the cages for high temperature high speed tool steel bearings.
Several modifications of the cage design have been tested in addition
to those originally anticipated for Phase I screening tests,

3) Another result of the failure mode established in these
Phase I screening tests have been the increased importance of surface
finish and proper bearing clearance in the perfermance of tool steel
bearings at high speeds and temperatures. As a result, a greater
variety of bearing design modifications have been tested in Phase I
than originally anticipated,

4) The wear resistance of the cage has emerged as a critical
factor in high temperature high speed tool steel bearing operation
and a comprehensive series of cage compatability tests have been
conducted as a part of the Phase I screening program to determine
the most promising cage material for the lubricants and test
conditions in this study. The cage compatability testing program
which was not originally anticipated as a part of this contract has
resulted in a clear choice of cage materials for use in Phase II
test bearings.

-15-
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As a result of the above extended Phase I testing conducted
to date, lubricants for Phase II testing and Phase II test conditions
can now be selected for the remainder of the program, It is estimated
that if all remaining funds and time were devoted to Phase II testing,
approximately eight 30-bearing groups could be completed., A total
of four B LS F Industries® high speed high temperature bearing testers
are now becoming operational for the performance of this Phase II
testing,

It was agreed, however, that several very recent developments
in high temperature lubricants and high temperature bearing materials
make it more desirable to continue Phase I type testing on one of the
machines instead of devoting all four machines to Phase II testing as
originally planned., Therefore, the re-directed program for research
to be conducted with the remaining time and funds on the subject con-
tract will be as follows: ~

1) Phase I screening of candidate lubricants and bearing
materials will continue on one high temperature high speed bearing
tester for investigation of materials such as:

a) DuPont's perfluorinated polymer MLO-64-9 (if cage
compatability tests show promising results as
mentioned below),

b) Monsanto's improved MCS525

c) Six-ring polyphenyl ether lubrimant

d) Sinclair Turbo-S ester-base oil

e) Vacuum melted M-50 tool steel bearings since the
maximum operating temperature with the best test
lubricants may not be beyond the temperature
limitations of this steel,

f) Vacuum melted modified 52100 steel bearings which
have almost as good high temperatre operating
characteristics as M-50 tool steel, but with the

possibility of even greater fatigue life based on
preliminary test results in the s ¥ Laboratory,
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2) Cage compatability testing will continue with the
screening of potentially useful materials such as:

a) DuPont's perfluorinated polymer MLO-64-9 to establish
temperature limits of corrosivity toward stainless
steel structural materials in the tester,

b) Molybdenum disulphide suspended in 8 highly refined
mineral o0il such as Esso's FN-31537 to explore the
possibility of improved high temperature lubricating
characteristics of such a suspension,

3) Phase II endurance testing of 30 bearing groups will
commence on three speed high temperature bearing testers under the
following conditions (since WB49 has higher hot hardness than M-1
tool steel and there are preliminary indications of greater high-
temperature bearing life with WB49 bearings, it was agreed that the
selected high temperature lubricants of the various types would all
be tested with WB49 bearings instead of with M-1 bearings as originally
planned),.

a) WB49 bearings at 600°F with Socony Mobil 109F highly
refined mineral oil,

b) WB49 bearings at 500°F with Esso Turbo 35 ester-base
oil,

c) WB49 bearings at 600°F with Socony Mobil 109F highly
refined mineral o0il at a higher load than that used in
the previous groups (C/P = 7.8) to establish the load-
life relationship at this temperature.

d) M-1 bearings at 600°F with Socony Mobil 109F highly
refined mineral oil,

e) 440C (modified) bearings at 600°F with Socony Mobil
109F highly refined mineral oil,

f) If available machine time permits, a group of WB49
bearings will be run at 600°F with a modified Monsanto

0S-124 polyphenly ether oil according to a user's
proprietary specification,

-17-
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A sufficient number of bearings have been manufactured
(or are in the process of manufacture) of M-1, WB49 and 440C (modified)
to test additional groups of statistically similar bearings after
expiration of the current contract (September, 1965). A proposal for
such an extension of the subject contract including any low tempersaure
start and stop testing of candidate oils, as required, will be sub-
mitted in the next few weeks,

If you have any questions regarding the re-direction of the
present program, please contact us,

Very truly yours,

& UD€ F INDUSTRIES, INC,
Engineering & Research Center

L., B, Sibley, Supervisor
Mechanical Test Section

LBS:kh
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ENCLOSURE 7 AL64T055

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 108 x 10° ppyvoLuTIONs

AT 20,000 RPM, A MEAN TEMPERATURE OF 532°F AND UNDER 365 LBS,
THRUST LOAD WITH CIRCULATING SOCONY 109-F OIL IN A N2 BLANKET

(BEARING NO, 552 ON DRIVE END FRO# RUN NO, 42)

CAGE

INNER RACEWAY OUTZR RACEWAY
RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 8 AL64TO0S55

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 108 x 10° REVOLUTI ONS
AT 20,000 RPM, A MEAN TEMPERATURE OF 520°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING SOCONY 109-F OIL IN A No BLANKET

(BEARING NO. 540 ON LOAD END FROM RUN NO, 42)

CAGE

INNER RACEWAY vUTSR RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.



ENCLOSURE 9 AL64T055

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 31.1 x 109® REVOLUTIONS
AT 20,000 RPM, A MEAN TEMPERATURE OF 504°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING ESSO TURBO 35 OIL IN A N2 BLANKET

(BEARING NO. 542 ON LOAD END FROM RUN NO. 43)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 10 AL64TO0S55

UNFAILED WB49 TOUOL STEEL BEARING AFTER RUNNING 31,1 x 10© REVOLUTIONS
AT 20,000 RPM, A MEAN TEMPERATURE OF 476°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING ESSO TURBO 35 OIL IN A No BLANKET

(BEARING NO, 582 ON DRIVE END FROM RUN NO, 43)

CAGE

INNER KACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 11 AL64T055

FAILED WB49 TOOL STEEL BEARING AFTER RUNNING 18,0 x 106 REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 604°F AND UNDER 365 LBS,
THRUST LOAD WITH CIRCULATING KENDEX 0346 OIL IN A No BLANKET

(BEARING NO, 576 ON LOAD END FROM RUN NO. 44)

CAGE BALL

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.



ENCLOSURE 12 AL64T055

FAILED WB49 TOOL STEEL BEARING AFTER LUNNING 18.0 x 1060 REVOLUTIONS
AT 40,000 RPM, A MEAN TENPERATURE OF 574°F AND UNDER 365 LBS,.
THRUST LOUAD WITH CIGCULATING KENDEX 0846 OIL IN A N2 BLANKET

(BEARING NO. 581 ON DRIVE END FROM RUN NO. 44)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY 8SKF INDUSTRIES, INC.




ENCLOSURE 13 AL64T0S55

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 108 x 10® REVOLUTIONS
AT 20,000 RPM, A MEAN TEMPERATURE OF 594°F AND UNDER 365 LES,
THRUST LOAD WITH CIKCULATING KENDEX 0846 OIL IN A N2 BLANKET

(BEARING NO. 571 ON DRIVE END FRUM RUN NO. 45)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 14 AL64T055

FATLED WBLS TOOL STEEL BEARING AFTER RUNNING 108 x 10® REVOLUTIONS AT
20,000 RPM, A MEAN TEMPERATURE OF 603°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING KENDEX 0846 OIL IN A Np BLANKET

(BEARING NO. 568 ON LOAD END FROM RUN NO. L5)

CAGE BALL

INN®R RACEWAY OUTFR RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 15 AL64T055

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 52.3 x 10° REVOLUTIONS
AT 35,000 RPM, A MEAN TEMPERATURE OF 590°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING SOCONY 109-F OIL IN A Np BLANKET

(BEARING NO. 573 ON DRIVE END FROM RUN NO, 46)

CAGE-1 CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 16 AL64TO055

FAILED WB49 TOOL STEEL BEARING AFTER RUNNING 52.3 x 106 REVOLUTIONS AT
35,000 RPM, A MEAN TEMPERATURE OF 609°F AND UNDER 365 LBS,.
THRUST LOAD WITH CIBCULATING SOCONY 109-F OIL IN A N2 BLANKET

(BEARING NO. 572 ON LOAD END FROM RUN NO, 46)

CAGE BALL

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKFI INDUSTRIES, INC.



ENCLOSURE 17 AL64TO0SS5

FAILED WBL9 TOOL STEEL BEARING AFTER RUNNING 5 x 10 REVOLUTIONS AT
35,000 RPM, A MFAN TEMPERATURE OF 640°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING PWA 525 OIL IN A Np BLANKET

(BRARING NO. 565 ON LOAD END FROM RUN NO. L47)

CAGE BALL

INNFR RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 18 AL64TO0S55

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 5 x 10° REVOLUTIONS
AT 35,000 RPM, A MEAN TEMPERATURE OF 610°F AND UNDER 365 LES.
THRUST LOAD WITH CIRCULATING PWA524 OIL IN A N2 BLANKET

(BEARING NO, 574 ON DRIVE END FROM RUN NO. 47)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 19 AL64TO055

FAILED WB49 TOOL STEEL BEARING AFTER RUNNING 3.5 x 106 REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 510°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING PWA 524 OIL IN A No BLANKET

(BEARING NO, 543 ON DRIVE END FROM RUN NO, 48)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY &SKF INDUSTRIES, INC.




ENCLOSURE 20 AL64T055

FAILED WB49 TOOL STEEL BEARING AFTER RUNNING 3.5 x 10® REVOLUTIONS
AT 40,000RPM, A MEAN TEMPERATURE OF 535°F AND UNDER 3635 LBS,
THRUST LOAD WITH CIRCULATING PWA 524 OIL IN A N2 BLANKET

(BEARING NO. 541 ON LOAD END FROM RUN NO. 48)

CAGE

INNER RACEWAY OUTER RACEWAY
RESEARCH LABORATORY 8SKF INDUSTRIES, INC.




ENCLOSURE 21 AL64TO05S5

UNFAILED AB49 TOOL STEEL BEARING AFTER RUNNING 21,6 x 106 REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 642°F AND UNDER 365 LBS,
THRUST LOAD WITH CIRCULATING SOCONY 109-F OIL IN A N2 BLANKET

(BEARING NO. 545 ON LOAD END FROM RUN NO, 49)

CAGE-1 CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 22 AL64TO055

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 21.6 x 106 REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 614°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING SOCONY 109-F OIL IN A No BLANKET

(BEARING NO,., 556 ON DRIVE END FROM RUN NO. 49)

CAGE-1 CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 23 AL64T055

FATILED WBL4O TOOL STERL BEARING AFTER RUNNING 10.9 REVOLUTIONS AT
40,000 RPM, A MEAN TEMPERATURE OF 550°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING KENDEX 0846 OIL IN A N» BLANKET

(BFARING NO. 561 ON DRIVE END FROM RUN NO. 50)

CAGE BALL

FETIE THEEUS SOTIWE BeY WESE 8

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY &SKF INDUSTRIES, INC.




ENCLOSURE 24 AL64TO0S5

UNFAILED WB49 TOOL STEEL BEARING AFTER RUNNING 10,9 x 10% REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 606°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING KENDEX 0846 OIL TN A N2 BLANKET

(BEARING NO, 558 ON LOAD END FROM RUN NO., 50)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 235 AL64TO0SS

FAILED WBL9 TOOL STEEL BEARING AFTER RUNNING 4O.8 x 10® REVOLUTIONS AT
140,000 RPM, A MEAN TEMPERATURE OF 565°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING ESSO TURBO 35 OIL IN A Np BLANKET

(BEARING NO. 553 ON LOAD END FROM RUN NO. 51)

CAGE BALL

INNFR RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




ENCLOSURE 26 AL64T055

UNFAILED WB49 TOOL STEEL BEAEKING AFTER RUNNING 40.8 x 106 REVOLUTIONS
AT 40,000 RPM, A MEAN TEMPERATURE OF 465°F AND UNDER 365 LBS.
THRUST LOAD WITH CIRCULATING ESSO TURBO 35 OIL IN A No BLANKET

(BEARING NO, 554 ON DRIVE END FROM RUN NO, 51)

CAGE

INNER RACEWAY OUTER RACEWAY

RESEARCH LABORATORY SKF INDUSTRIES, INC.




AL64T0S55
INC.

- - 0°S0¢ 6-%9 O
0% 12 oo 9°8ue 21-50 0
0°2 110 °08 L5ie-Nd ul
TW O0T/34 TS0T Y68 VON aTdy %000 IV 3818 IRVOT9eAY _un.
1S31143d0OY¥d INIMOTIOS FHL 3AVH ST10 03SANA WL -
. 62 01 9°g ! %
e 90° (1] 0°2 8t 2% g'e §*0  00s 0°% isie-nd 250y WOW 99 0
Z
1l %2 29 51 -
e~ 07U 90° °Lee 0°2 8y et 8°n $°0  00L 3 649 W €E0  amwops L9 h
- .
2 "z ot 8°2 st 0
o}
w oo 90 1°00% 0°2 L g 12 §°0 oo §°2 6-19 O 090y o] 9
x| >
M L] L ] L L ] R
= s & I sl 0
0°se  90° - 0°2 N ] G} $°0 00 0°2 21-50 2508 WO %9 -
| T
6°¢ °i S8 §°1 0
0°0il  9%0° s*aie (T '8 "t I\ $°0  00L 0°2 w2i-s0 1504 WIORY 89 M
S
AT Al é°n s°4
0°L 90° 0°18 0°2 We 0l 1° $°0 005 0°s LSIE=Nd 150y Wk 29 m
e o T BT RIS TR T TR R SpT WIm Therwey  oSSaew NI O o
00L/OM  oloy 30001 oNILlag any Ixy SIXy  ‘swy ‘43 "4 vy 18l q
"4 Nz xg.! ¢2.<E ‘uemy ———
0
dvo1 'sd1 0001 GNV Ndd 0021 1V SINVDIIHANT “
JUNLVIIINIL HOIH HLIM S174S3Y 1S3l X1ITIGVIVINOD FA9V)




AVERAGE WEAR SCAR AREA, mm2

ENCLOSURE 28

AL64T055

CAGE COMPATABILITY TEST RESULTS WITH ESSO FN-3:i57 OIL

AT S00°F, 1,000

LBS, LOAD AND 1,200

RPM

(AVERAGE WEAR SCAR AREA VS, HOUR RUN)
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RESEARCH LABORATORY SKF INDUSTRIES, INC.



AVERAGE WEAR SCAR AREA, mm2

ENCLOSURE 29

CAGE COMPATABILITY TEST RESULTS WITH MONSANTO 0S-124 OIL
AT 700°F, 1,000 LLBS, LOAD AND 1,200 RPM

AL64T055

(AVERAGE WEAR SCAR AREA VS, HOURS RUN)
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ENCLOSURE 30 AL64TO055
CAGE COMPATABILITY TEST RESULTS WITH M10-64-9 OI!
AT 700°F, 1,000 LBS, LOAD AND 1,200 RPM,
(AVERAGE WEAR SCAR AREA VS. HOURS RUN)
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